We present experimental results for photoluminescence from GeSn alloys designed for siliconcompatible laser and compare with our earlier published theoretical predictions. The results demonstrate clear improvement over the strained and highly doped Ge approach. This is an encouraging result on the path toward demonstration of the laser compatible with the silicon CMOS process.
INTRODUCTION
The ultimate aim of silicon photonics is full monolithic integration with the current silicon CMOS electronics platform [1] in order to remedy the performance limitations in the electrical intra-chip and inter-chip interconnects due to down-scaling following the [2] . In past eight years germanium has attracted increasing attention as material for the silicon (Si) compatible laser. The first demonstrated highly doped Ge laser [3] had unacceptably high threshold current of ~280 kA/cm 2 and the race to improve this design had begun. Employing tensile strain would reduce the L-valley and -valley difference and hence require less doping, which in turn reduce the freecarrier absorption and the threshold current density [4] . Employing tin (Sn) in alloys with Ge has similar beneficial effect to tensile straining as shown in empirical pseudopotential calculations [5] . In this paper we review our recent results in the development of the GeSn alloys for room temperature silicon-compatible laser.
II. EXPERIMENTAL RESULTS
The GeSn films were monolithically grown on the SOI photonic platform. In our first round of epitaxial growth we aimed for a thin, <100nm Ge buffer and subsequently increase the buffer thickness if the defects are not adequately confined within a 100 nm growth buffer and propagate significantly into the active GeSn region. The wafers were grown at Applied Materials in Sunnyvale, CA. We implanted 300mm silicon and SOI wafers with phosphorus (P). The implant dose/energy of 5e15/160keV was used for a target doping density of ~1e20/cm3. We used Tin tetrachloride (SnCl4) precursor gas as the Sn source rather than deuterated Sn (SnD4). SnCl4 is uniquely non-toxic and is a highvolume, easily obtainable commodity material. The growth temperature of GeSn is limited by Sn precipitation to around 320 C. The Ge growth buffer can be annealed up to 850C while studies have shown r Sn precipitates into clusters in the crystal. The intent was to determine the effect of phosphorus and tin doping into Ge, and to see if the choice of substrate has an effect. The four wafers are GeSn blanket films with the some variations. However, the GeSn epitaxy requires a buffer layer to mitigate threading dislocations, so these films have a 100 nm Ge buffer layer. All layers are capped with 10 nm of SiO2 for passivation. These wafers were analyzed using secondary ion mass spectroscopy (SIMS) and Rutherford backscattering (RBS) to determine the thicknesses and doping concentrations in the grown films. X-ray diffraction (XRD) was used to analyze the inherent stress in the films, and spreading resistance profiling (SRP) was used to analyze the active fraction of phosphorus in the films. Wafers 6 and 7 were targeted for extensive analysis. A full description of this analysis for wafer is given in Table 1 below.
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The main findings from this analysis is that the tin percentage in our GeSn films is between 9-11%, the phosphorus is well over 1e19 cm -3 , and our films were universally grown slightly thinner than our target values. From the photoluminescence study, we found out that even though all the samples had comparable Sn concentration, samples 7 & 8 provided the maximum emission compared to samples 5 & 6. This is due to the necessity of high Phosphorus doping levels which bring GeSn closer to the direct-emission regime [5] . We also found out that the choice of substrate, SOI or Si, has negligible effects on the measured photoluminescence. Later, we compared sample 7 with the 30nm GeSn (8.5% Sn) on 1 m Ge buffer sample on Si. The TEM results shows dislocations at the Si/Ge interface but few of them propagate into the GeSn layer in the case of 1um buffer as compared to 100nm Ge. This is because the thicker Ge buffer layer allows more of the dislocations to annihilate, creating a cleaner virtual substrate for GeSn growth. The raw photoluminescence data is plotted in figure 2 and it shows that the 1 m buffer sample is over two times brighter than our previous sample. This difference is even more remarkable considering the films emitting the radiation differ by over 8-times in thickness. Furthermore, the 1 m buffer sample is nominally undoped. To observe this bright luminescence from such a thin film without any n-type doping is another indication that emission from defect free GeSn films is possible which is realized with the thicker Ge buffer. As we can see in figure 2 , for the 1um buffer sample, the photoluminescence peak is blue-shifted compared to the other sample with the thinner Ge buffer. This is due to the lower Sn percentage in the film, which results in a larger band gap of the GeSn alloy, corroborating our earlier theoretical prediction [5] III. CONCLUSION
In conclusion, we have fabricated and tested GeSn layers and measured photoluminescence, the results are in accord with our theoretical model base on empirical pseudopotential theory. The results show clear advantage of GeSn as gain medium over the highly dope and strained Ge approach. This is encouraging result on the path toward development of laser monolithically integrated on silicon CMOS platform.
